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ABSTRACT
The effect of purge flow, engine-like blade pressure field and
mainstream flow coefficient are studied experimentally for a sin-
gle and double lip rim seal. Compared to the single lip, the dou-
ble lip seal requires less purge flow for similar levels of cavity
seal effectiveness. Unlike the double lip seal, the single lip seal
is sensitive to overall Reynolds number, the addition of a sim-
ulated blade pressure field and large scale non-uniform inges-
tion. In the case of both seals, unsteady pressure variations at-
tributed to shear layer interaction between the mainstream and
rim seal flows appear to be important for ingestion at off-design
flow coefficients.
The double lip seal has both a weaker vane pressure field
in the rim seal cavity and a smaller difference in seal effective-
ness across the lower lip than the single lip seal. As a result,
the double lip seal is less sensitive in the rotor-stator cavity to
changes in shear layer interaction and the effects of large scale
circumferentially non-uniform ingestion. However, the reduced
flow rate through the double lip seal means that the outer lip
has increased sensitivity to shear layer interactions.
Overall, it is shown that seal performance is driven by both
the vane/blade pressure field and the gradient in seal effective-
ness across the inner lip. This implies that accurate representa-
tion of both, the pressure field and the mixing due to shear layer
interaction would be necessary for more reliable modelling.
INTRODUCTION
In industrial and aero gas turbines, purge air is bled from
the compressor and fed into the turbine rotor-stator disk cav-
ities. This air cools the cavity and reduces hot gas ingestion.
Reliable cooling of the rotor-stator cavity prevents mechanical
failure due to thermal damage. From an engine designer’s point
of view, minimising purge flow for engine efficiency must be
balanced against the probability of unexpected thermal degra-
dation and seal life. At present there is a lack of reliable meth-
ods to predict the amount of purge flow required for acceptable
cavity temperatures without engine tests.
The overarching research question of this work is to find
the necessary and sufficient requirements for the reliable design
of rotor-stator purge systems through modelling. A firm answer
remains elusive. Progress is made in this experimental work us-
ing a high density of instrumentation with engine style geometry
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FIGURE 1. Test rig schematic and potential ingress/egress patterns.
and dimensionless conditions approaching engine values. The
most important result is that the interactions between the main-
stream and cavity/rim seal flows lead to ingestion mechanisms
with a range of length scales. Figure 1 illustrates three examples
of mainstream-cavity interaction which will be discussed.
The rotor-stator cavity is characterized by viscous pumping
on the rotor, entrainment on the stator and the presence of a
rotating core region, stiffened by the dominant Coriolis forces.
As a result, radial outflow/inflow is confined to the boundary
layers where viscous forces dominate. External to the rim seal,
the mainstream flow has a high swirl component and a non-
uniform pressure field due to the vanes and blades.
It is well known (as discussed in the background section
below) that the vane pressure field leads to steady state regions
of ingress and egress on the scale of the vane pitch (fig. 1, a).
Previous CFD studies have shown instabilities in the shear layer
between the rim seal and mainstream flow with larger length
scales than vane/blade pitch (fig. 1, b). This paper shows the
first experimental evidence of such instabilities and their effect
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on mixing in the rim seal. Circumferential measurements show
that ingestion may also be affected by even larger scale non-
uniformities in the rim seal-mainstream flow interaction (fig. 1,
c). The effects of these non-uniformities appear to be exacer-
bated by the rotationally dominated cavity flow.
This paper compares two rim seal geometries - a single lip
and a double lip rim seal. Measurements and discussion of their
sensitivities to: purge flow rate; simulated engine blade pressure
field; large scale non-uniform ingestion; and changes in main-
stream flow coefficient (off-design disk speed) are presented.
Compared to the single lip, the double lip seal requires less
purge flow for similar levels of cavity seal effectiveness. The
double lip seal has both a weaker vane pressure field in the rim
seal cavity and a smaller difference in seal effectiveness across
the lower lip. The smaller gradient across the lower lip of the
double lip seal suggests that it is less sensitive in the rotor-stator
cavity to mainstream-cavity interactions across all length scales.
Unlike the double lip seal, the single lip seal is sensitive to over-
all Reynolds number, the addition of a simulated blade pressure
field and large-scale non-uniform ingestion.
BACKGROUND
Rotor-stator cavity ingress is generally grouped into two
categories - rotationally induced (entrainment by the recircu-
lating cavity flow) and externally induced (driven by the main-
stream pressure field). Early studies by Bayley and Owen [1],
Phadke and Owen [2] [3] and Bhavani et al. [4] without a main-
stream found that ingress depends on seal geometry and rota-
tional Reynolds number (rotational ingress). Studies by Abe et
al. [5], Phadke and Owen [6] [7] and Graber et al. [8] showed
that with a mainstream, the minimum purge flow to prevent
ingress depends more on the external flow field (externally in-
duced ingress dominates).
Pressure Asymmetry Phadke and Owen [7] investigated
the effect of non-axisymmetric pressure distributions on inges-
tion and found that the minimum amount of purge necessary
to prevent ingress increases with increasing peak-to-peak pres-
sure asymmetry in the external flow dominated regime. With
time, test facilities have started to feature more engine realistic
main path geometry. Studies such as by Dadkhah et al. [9] and
Bohn et al. [10] demonstrated that the vane pressure field modu-
lates the level of ingress of mainstream gas. The circumferential
pressure asymmetry introduced by vanes means that alternating
regions of ingress and egress can occur around the rotor-stator
cavity. Where the pressure at the rim seal is higher than the
cavity mean, ingress occurs and where it is lower, egress oc-
curs. Evidence of such regions was shown through velocimetry
measurements by Zhou et al. [11].
Blade Pressure Field The rotor blades also generate a
pressure field. Green and Turner [12] studied the effect of blades
on a simple axial clearance seal. They found the presence of ro-
tor blades increases the seal effectiveness measured in the rotor-
stator cavity at all purge flow rates. Bohn et al. [13] investigated
the addition of blades for an axial clearance rim seal similar to
the one studied by Green and Turner, as well as an open rotor-
stator cavity. For the axial clearance seal, the authors confirmed
the findings of Green and Turner. However, for the open rotor-
stator cavity, Bohn et al. showed that the addition of blades
reduces the seal effectiveness. Most current test facilities fea-
ture both stator vanes and some type of rotor blades - e.g. Bohn
et al. [14], Gentilhomme et al. [15], Sangan et al. [16] and Bal-
asubramanian et al. [17].
1-D Modelling Numerous empirical ingestion models have
been proposed. The majority model ingress and egress through
the rim seal as an orifice flow moderated by empirical dis-
charge coefficients found by fitting to experimental data for a
given seal. Amongst others Phadke and Owen [7], Chew et
al. [18], Reichert and Leiser [19], Bohn and Wolff [20], Scan-
lon et al. [21], Johnson et al. [22], Owen et al. [23] all present
models of this type. As these models can only describe the vari-
ation in seal performance with dimensionless flow rate for a seal
which has been experimentally characterised, they do not allow
prediction. Notwithstanding, the models represent the state of
the art and are yet to be superseded.
Numerical Modelling and Unsteadiness Early CFD mod-
elling of cavity purge flow focused on small sector Reynolds
Averaged Navier-Stokes (RANS) studies. This type of model
appears to under-predict ingestion [24] [11].
Advances in computational power have enabled full annu-
lus Unsteady RANS (URANS) simulations (e.g. Cao et al. [25],
Jakoby et al. [26], Wang et al. [27] and Mirzamoghadam et
al. [28]) which show improved results compared to experimen-
tal data. These studies all show large scale flow structures (at
frequencies unrelated to blade passing) in the rotor-stator cavity
which provide a mechanism for increased levels of ingress. The
presence of such structures is inherently restricted in periodic
small sector studies. The number of vortex pairs appear to be
geometry related - different numbers exist across the different
studies and cavity geometries. Some experimental evidence for
such large scale cavity unsteadiness has been provided in open
literature (e.g. Jakoby et al. [26], Cao et al. [25], Roy et al. [29]
and Mirzamoghadam et al. [28]). However, the existence of a
clear link between unsteadiness (coherent or otherwise) and in-
gestion remains an open research question.
Several computational studies have also reported the pres-
ence of instabilities in the rim seal cavity. Boudet et al. [30]
presented results from a single passage URANS study, where
pressure probes showed the presence of several frequencies be-
low blade passing. O’Mahoney et al. [24] extended the study
by Boudet et al. by performing Large Eddy Simulations (LES)
on the same geometry. For comparison, the LES mesh was also
run in URANS. While in the URANS simulations distinct fre-
quency peaks are observed, peaks are seen over a greater range
of frequencies in the vicinity of the dominant modes in the LES
simulations. As pointed out by the authors, the larger eddy vis-
cosity term in URANS compared to LES could give the vortical
structures greater stability. Comparing numerical and experi-
mental data, O’Mahoney et al. showed that the LES simula-
tions predicted performance closer to measurements. However,
it was pointed out that significant discrepancies remain relative
to experiment.
Chilla et al. [31] performed URANS CFD modelling of the
Rolls-Royce Generic Turbine Rig. They showed that at typi-
cal engine conditions the difference in tangential velocity be-
tween the mainstream and rim seal flow results in shear layer
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roll-up (i.e. a Kelvin-Helmholtz type instability). It was found
that by independently increasing the rim seal mass flow rate and
increasing the rim seal tangential velocity, the flow field is sta-
bilised. Unsteady pressure probes in the relative frame of mo-
tion showed a spike in amplitude at a frequency below stator
vane passing and surrounded by a band of elevated activity. The
authors noted that the spike frequency shifts with rim seal shape.
Rabs et al. [32] performed unsteady simulations of a 1.5
stage turbine test rig with and without blades. The authors
found that the introduction of a blade pressure field suppresses
the Kelvin-Helmholtz type instabilities. However, it was noted
that at sufficiently large rim seal flow rates and in the presence
of blades, instabilities could still occur. The above findings are
confirmed experimentally in the present work and it is shown
that increased ingress can be driven by higher shear.
Seal Eccentricity The impact of seal axial movement and
various overlap shapes has been studied (e.g. Popovic and Hod-
son [33] [34], Mirzamoghadam et al. [35]). However, industrial
gas turbine shafts are long relative to rim seal clearances, so
static radial deflections, or eccentricity, are also a source of un-
certainty during engine operation. To the authors’ knowledge
there are no published experimental studies in open literature
on the effect of seal eccentricity on rim seal ingestion. How-
ever, eccentricity has been investigated computationally using
steady CFD simulations by Lowry and Keeton [36] in the late
1980’s and Guo et al. [37] in the early 1990’s. Both research
teams found that eccentricity leads to worse seal performance.
In their simulations, Guo et al. noted a spatial phase lag between
the minimum seal effectiveness on the stator near the rim seal
and the maximum seal clearance. The authors also noted a more
pronounced peak in temperature at the stator vane root than at
the rotor blade root and a phase difference between the maxi-
mum temperature at the two points. The lower temperature on
the rotor is attributed to mixing with the recirculating air which
spreads the temperature variation over a larger domain. The dif-
ferences in phase were attributed to the swirl components of the
flow in the rotor-stator cavity.
The next section presents an overview of the experimental
setup and test conditions in the present work.
TEST GEOMETRY, CONDITIONS AND SETUP
The geometry used in this work is a scaled and truncated
engine stage. The test rig is approximately 50% of the en-
gine scale, with a rotor disk radius, rb, of 597.8 mm. The rig
mainstream is truncated to 32.5% of the equivalent engine blade
span. The adaption of the engine geometry to the rig was done
using steady CFD predictions in Turbostream [38] of the main
annulus only. The grid used is a 1.5 Million cell ’sheared-H’
mesh. It has a non-reflecting mixing plane between the vane
and blade at the axial location of the intersection of the static
rim seal and the hub. The vane and blade pressure field are dis-
cussed in more detail below.
Vane and Blade Pressure Field Validation
To simulate the engine representative pressure field, the rig
features 40 vanes and 96 removable tear-drop shaped blockage
elements. Although not designed to turn the flow or extract
work, they are referred to as blades in this paper for brevity.
Engine like velocity triangles at the rim seal are achieved by
scaling the disk speed to match the engine flow coefficient, φ .
The correspondence between the engine and rig pressure
fields is summarised in fig. 2. The engine case uses typical en-
gine boundary conditions, and the rig case uses measured in-
let stagnation and vane exit static measurements. The stubby
blockage elements are shown overlayed onto the engine blades
in the central cartoon. Predicted vane and blade pressure coef-
ficients are plotted against vane pitch for a single vane (a) and
single blade (b).
The vane pressure coefficient, CP, shown in plot (a) is based
on the inlet stagnation pressure and the isentropic dynamic head
at vane exit. The data plotted corresponds to a location on the
hub at 2% of axial chord, cx, downstream of the vane trailing
edge.
The blade pressure coefficient shown in plot (b) is based on
the blade relative frame inlet stagnation pressure and dynamic
head. It is plotted at an axial location just downstream of the
mixing plane, corresponding to the stator edge of the single lip
rim seal. The radial location is at 40% of rig span, which is
equivalent to 12.5% of engine span.
The shape and peak-to-peak variation of the engine pres-
sure coefficient is well simulated by the truncated vanes and
stubby blades. The magnitude of the peak-to-peak variation is
lower in the rig case, mainly due to the truncation.
Fig. 2 (a) also presents pressure coefficient data measured
on the hub at the location indicated in the cartoon. There is
good agreement between the computed and measured data at a
vane exit isentropic Mach number, Mis, of 0.64 showing that the
vanes are operating as intended. Measurements at Mis = 0.20
are also shown. There is close agreement between the data at
the two vane operating conditions demonstrating that the effect
of compressibility is small.
Next, the mainstream inlet and exit setup is discussed.
Inlet and Exit Flow
Air is drawn from atmosphere through a radial bell-mouth
inlet with a contraction ratio of 13. Upstream of the stator vanes
the stagnation pressure and temperature are equal to ambient.
The values are 100.8 kPa±1.25% and 289.5 K±0.75% consid-
ering all cases. Measurements of the pressure around the annu-
lus and downstream of the stator vanes are made using 8 pres-
sure taps evenly distributed around the casing. The variation in
circumferential pressure is approximately ±1% of mainstream
dynamic head. This pressure asymmetry is sinusoidal and con-
sistent with the casing eccentricity relative to the disk (less than
±1% of duct height). Eccentricity is discussed further in subse-
quent sections of this paper.
As the rotor blades do no turning, the high swirl flow in the
exit duct must be de-swirled back to the axial direction before
the exit plenum. Without de-swirl, the hub boundary layer is
prone to large unstable separations due to an adverse pressure
gradient. Oil paint flow visualisation shows that the hub bound-
ary layer is fully attached.
Next, the seal geometries studied in this work are presented.
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FIGURE 2. (a) CP from steady RANS CFD at measured rig bound-
ary conditions and Mis = 0.64 compared to measurements at both Mis
0.64 and 0.2. Data is located on the hub line, 0.02cx downstream of the
vane trailing edge. Steady RANS CFD results with engine geometry
and boundary conditions are shown for comparison. (b) Comparison
of CP,rel from steady RANS CFD between the engine and stubby blade
just downstream of the mixing plane at a radial height of 40% rig span,
12.5% span on the engine vane.
Seal Geometry
The seal geometries studied consist of a single lip and a
double lip rim seal, the cross sections of which are based on
stylized versions of two generations of industrial gas turbine rim
seals (fig. 3). The single lip seal has a rim seal cavity with a
rectangular cross-sectional area open to the mainstream. The
double lip seal has a rim seal cavity that is approximately 20%
smaller than that of the single lip seal due to the presence of the
upper seal lip. The term seal lip will refer to the lower lip of the
double lip seal.
With reference to fig. 3, for both seal geometries, the nom-
inal clearance at the seal lip, sc, is the same (sc/rb = 0.0033),
the axial clearance between the rotor and stator disks is g/rb =
0.0425 and the seal lip is located at rseal/rb = 0.967.
In the case of the single lip geometry, the seal lip is located
near the middle of the rotor-stator cavity (sa/g = 0.48). In the
case of the double lip geometry, the seal lip is approximately
20% closer to the stator with sa/g = 0.29. In the single lip seal,
the tip of the seal lip is just axially covered by the stator side of
the rim seal. In the case of the double lip seal, the static portion
of the rim seal overhangs the seal lip (so/rb = 0.012).
Both seal geometries were tested across a range of condi-
tions. There are summarized below.
Test Conditions
Purge flow sweeps were performed on the single lip and
double lip seals at isentropic vane exit Mach numbers, Mis, of
0.64 (engine matched) and 0.20. The engine mainstream flow
coefficient was matched in both cases. Typical engine rotor-
stator cavities have rotational Reynolds numbers, Reθ , of order
107. The rig approaches this value; for Mis = 0.64 and 0.2, the
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FIGURE 3. Sectional views of single lip and double lip seals. Not to
scale.
rotational Reynolds number, Reθ , is 4.9×106 and 1.9×106, and
the axial Reynolds number, Rex, is 2.3×106 and 0.95×106 re-
spectively. For brevity, the two flow conditions will be referred
to as the high Re condition and the low Re condition. The testing
was performed with and without blades in order to investigate
the effect of a simulated engine blade pressure field on inges-
tion. Figure 4 summarises the range of operating conditions.
In the case of the double lip seal, measurements of rotational
ingress (no mainstream) were also performed.
The effect of relative flow angle at the rim seal on seal-
ing effectiveness was also investigated (see fig. 4) for both rim
seal geometries. This was achieved by sweeping through disk
speeds at both vane exit Mach numbers. The sweep covers disk
speeds either side of the engine matched flow coefficient (and
hence velocity triangles). In these cases, the purge flow rate to
the rotor-stator cavity was held fixed, corresponding to a rotor-
stator cavity seal effectiveness of ∼ 0.9 at the engine matched
flow coefficient.
Purge Flow and Effectiveness Measurements
Purge flow is delivered via a central bore in the stator hub,
driven by the sub-atmospheric pressure in the rotor-stator cavity,
and modulated by a valve. Carbon dioxide (CO2) is mixed into
the purge at approximately 4% by volume upstream of a flow
conditioner. The mass flow rate of the seeded purge flow is
measured with an ISO 5167-2:2003 compliant orifice plate.
Gas concentration measurements are used to evaluate con-
centration seal effectiveness, εc, defined as
εc =
χn−χ∞
χpurge−χ∞ (1)
where χpurge is the concentration of the seeded purge flow, χ∞
is the concentration of the unseeded mainstream and χn is the
concentration at a measurement point.
The gas concentration is measured using a 17 channel
NDIR system. The gas is sampled using positive displacement
pumps, so the measurements are taken at stable atmospheric
conditions. The sensors are checked against pre-mixed BOC
Alpha Standard gases at 2% and 4% CO2 by volume in N2, with
CO2 concentration uncertainty of ±1%. All sensors have a 13
point characterisation against the purge flow inlet sensor. The
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Reθ   [-]
   Purge flow sweep at engine matched flow coefficient
ω [rpm] vane exit Mis [-] Rex   [-]
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   Disk speed sweep at fixed purge flow rate and vane exit Mach number
Reθ   [-]ω [rpm] vane exit Mis [-] Rex   [-]
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320-12300
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0
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Reθ   [-]
Purge flow sweep without mainstream flow (rotational ingress)
ω [rpm] vane exit Mis [-] Rex   [-] Cw   [-]
FIGURE 4. Table of experimental studies performed on the single
lip and double lip seals.
short term drift is tracked during runs using online calibration
valves. The worst case uncertainty in seal effectiveness is esti-
mated from the calibration data to be within ±1% (Savov [39]).
At all data points presented in this paper, the gas concentration
is sampled for 30 s (at 2Hz) and averaged. The typical peak-to-
peak fluctuation of the readings over the sample period is similar
to the sensor uncertainty at ±1%.
Traditionally, seal effectiveness characteristics have been
plotted with the purge flow rate represented as Cw (purge flow
rate normalised by disk radius and cavity viscosity). Such plots
do not scale across different Reynolds numbers. Presentation of
the data in this paper follows Sangan et al. [16] [40] and Scobie
et al. [41] who use the sealing parameter, Φ , defined as
Φ =
m˙purge
2ρsealpi r2sealω sc
=
Vseal,x
rsealω
(2)
where m˙purge is the purge flow rate, rseal is the seal radius, ρseal
is the density, sc is the seal clearance, ω is the rotational speed
of the rotor disk and Vseal,x is the axial mass-averaged velocity
of net egress across the rim seal lip.
Sangan et al. and Scobie et al. showed that, using Φ , col-
lapsed their data at three rotational Reynolds numbers. It can
be seen from the definition in eq. 2, and the schematic in fig. 5,
that Φ actually represents a velocity ratio or equivalent flow co-
efficient for net flow through the rim seal. It is related to the
relative flow angle of net egress across the seal lip.
STEADY RESULTS AND DISCUSSION
The sections below present and discuss measurement data
across the different test conditions.
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FIGURE 5. Schematic illustration of sealing parameter, Φ , and
mainstream flow coefficient, φ .
Effectiveness versus Purge Flow Rate Figure. 6
plots concentration seal effectiveness, εc, in the rotor-stator cav-
ity across the range of purge mass flow rates for all purge flow
sweeps performed on the single lip and double lip seals. The
seal effectiveness is plotted at a radial height, r/rb, of 0.93 near
the top of the rotor-stator cavity and just radially inwards of the
rim seal.
Figure 6 shows that the sealing effectiveness curves scale
well with purge flow rate when plotted as sealing parameter for
a given rim seal geometry.
It can be seen that the single lip geometry has sensitivity be-
tween the high Re and low Re conditions both with and without
blades for εc < 0.95. Higher εc is achieved at lower Φ for the
high Re condition. As will be discussed later, the sensitivity is
possibly due to the more stable shear layer interaction between
the mainstream and rim seal flows at lower Reynolds numbers,
where the relative effects of viscosity are greater.
For all cases in fig. 6 with a mainstream flow, the seal ef-
fectiveness curves asymptote to but do not reach a value of 1. In
all cases, the high Re condition data shows a lower seal effec-
tiveness than that at the low Re condition for the same Φ (peak
values of εc ∼0.98 at the high Re condition and εc ∼0.99 at the
low Re condition). It is possible that the lower viscous damping
at the higher Reynolds numbers allows more vigorous mixing
in the rim seal cavity. It should be noted that the difference in
peak seal effectiveness is within the measurement uncertainty.
Plots of seal effectiveness versus purge flow rate which
asymptote to a value of less than 1 can also be observed in other
studies with a mainstream such as by Gentilhomme et al. [15],
Bohn et al. [20], Okita et al. [42] and Chew et al. [18]. Bohn et
al. [10], who studied the effect of the introduction of vanes on
rim seal ingestion, noted that the maximum seal effectiveness
did not reach 1 when vanes were introduced in the mainstream.
Chew et al. [18], who also studied the effect of the introduc-
tion of vanes, conjectured that this could be due to interaction
between the mainstream and purge at the rim seal. This hypoth-
esis is backed up by measurements on the double lip seal in the
absence of a mainstream (fig. 6). In this case the seal effective-
ness reaches unity for the two Reynolds number cases shown.
The data of Sangan et al. [43] shows a similar behaviour. As
will be shown later in this paper, the level of shear layer inter-
action between the mainstream and the rim seal flow can affect
the level of ingress into the rotor-stator cavity.
Comparing the performance of the two seal geometries in
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FIGURE 6. εc vs Φ curves for the single lip and double lip seals
at high and low Re conditions with and without blades, at an engine-
matched mainstream flow coefficient. Double lip seal measurements
without mainstream flow are also plotted.
fig. 6, a clear distinction exists between the effectiveness curves
of the double lip and single lip seals. For the same amount of
coolant flow, the double lip geometry seals significantly better
than the single lip. However, being a better seal, the sealing ef-
fectiveness performance curve of the double lip geometry has a
steeper gradient of seal effectiveness at lower purge flow rates
than the single lip seal. The double lip seal has a larger sensi-
tivity in seal effectiveness for the same absolute uncertainties in
purge flow. This is true in particular for seal effectiveness val-
ues in the range of 0.7-0.9, within which typical engine design
targets would lie. From a practical point of view, maintaining a
similar margin of safety with a better seal would need a higher
seal effectiveness design target or lower purge flow uncertainty.
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FIGURE 7. Unbladed single lip seal: Normalized pressure, P , and
seal effectiveness, εc, across two vane pitches in the rim seal and rotor-
stator cavities across three values of Φ .
Sensitivity to Blade Pressure Field From fig. 6, it
can also be seen that while the double lip seal is insensitive to
the addition of a simulated engine blade pressure field, the pres-
ence of a blades reduces the performance of the single lip seal,
particularly in the region of εc 0.8−0.95. At the low Re condi-
tion, the bladed single lip seal requires an approximately 50%
higher value of Φ to reach εc = 0.9 than the unbladed case. As
will be shown below, the larger gradient in seal effectiveness
across the seal lip in the case with blades which is indicative of
increased mixing in the rim seal cavity.
Variations with Vane Phase Figures 7 and 8 show
plots of the normalized pressure field, P , (left hand side plots
in each figure) and seal effectiveness, εc, (right hand side plots
in each figure) against vane phase. The data is measured at
r/rb = 0.97 (inside the rotor-stator cavity) and at r/rb = 0.99
(inside the rim seal cavity). Figure 7 shows data for the single
lip seal and fig. 8 shows data for the double lip seal. Both figures
show data at the high Re condition without blades. The pressure
field and seal effectiveness are measured over 2.2 vane passages
at three purge flow rates, labelled a, b and c. The typical uncer-
tainty in P is calculated using root square sum addition [44] at
±0.0046 and shown for scale in figs. 7 and 8.
The rotor-stator cavity pressure is set by the mainstream
pressure (a function of mainstream Mach number) and the pres-
sure drop across the rim seal which is a function of the flow rate
through it. Considering the left hand sides of figs. 7 and 8, it
can be seen that the vane pressure profile is clearly defined in
the rim seal cavity (blue circles). The magnitude of the vane
pressure field variation is attenuated across the radial lip of the
rim seal, and at the top of the rotor-stator cavity, the pressure
measurements have a near constant value (red circles).
Moving from plot (a) to (c) in figs. 7 and 8, the rotor-stator
cavity pressure begins to drop with reducing purge flow rate.
As it drops, the rotor-stator cavity pressure starts to overlap the
0 0.1
0
0.2
0.4
0.6
0.8
1
0 1 2
0
0.2
0.4
0.6
0.8
1
Vane Phase [−]
0 1 2
−0.25
−0.2
−0.15
Vane Phase [−]
ε c
 [−
]  
 [−
]  
P
0 1 2
0
0.2
0.4
0.6
0.8
1
Vane Phase [−]
0 1 2
−0.25
−0.2
−0.15
Vane Phase [−]
ε c
 [−
]  
 [−
]  
P
0 1 2
0
0.2
0.4
0.6
0.8
1
Vane Phase [−]
0 1 2
−0.25
−0.2
−0.15
Vane Phase [−]
ε c
 [−
]  
 [−
]  
P
ab
a
b
c
c
r/rb = 0.93 
r/rb = 0.97 
r/rb = 0.99 
ε c
 [−
]  
Ф [−]
225.0 br
PP
ωρ∞
∞−P =
typical uncertainty in P (±0.0046)
Cw = 8930
Cw = 4850
Cw = 1580
Reθ  = 
4.9×106
Rex  = 
2.3×106
FIGURE 8. Unbladed double lip seal: Normalized pressure, P , and
seal effectiveness, εc, across two vane pitches in the rim seal and rotor-
stator cavities across three values of Φ .
6 Savov, GTP-16-1545
0 0.02 0.04 0.06 0.08 0.1
0
0.02
0.04
0.06
0.08
0.1
r/rb = 0.99 
Reθ  = 4.9×106, 
Rex  = 2.3×106
r/rb = 0.99 
Φ [−]
pt
p
P
 [
−
]
225.0 b
ptp
r
P
ωρ∞
ptpP =
r/rb = 0.99 
r/rb = 0.99 
ptpPtypical uncertainty in          (±0.0043)
FIGURE 9. Vane pressure field peak to peak pressures for the single
lip and double lip seals bladed and unbladed at the High Re condition.
pressure profile in the rim seal cavity and ingress into the cavity
increases. It should be noted that figs. 7 and 8 do not show
clear trends in seal effectiveness associated with the shape of
the vane pressure field indicating that the flow is well-mixed at
the measurement points.
Fig. 9 shows a plot of the normalised peak-to-peak pres-
sure, Pptp, in the rim seal cavity (at r/rb=0.99) across 2.2 vane
pitches. This peak-to-peak pressure is plotted for the bladed
and unbladed single lip and double lip seals at the high Re con-
dition. Pptp is computed as the difference between the average
of the two peaks and the average of the two troughs in the rim
seal pressure profiles normalised by a dynamic head equivalent
to disk preripheral velocity. The typical root square sum uncer-
tainty [44] in Pptp is ±0.0043.
From fig. 9, at similar Φ , the vane pressure field in the rim
seal cavity is over 50% stronger for the single lip seal than for
the double lip seal. The radial location of the measurement
points is the same for both seals. The double lip seal has an
additional (upper) lip that overhangs the measurement location.
This increases the path between the measurement points in the
rim seal cavity and the vane trailing edge, allowing a longer dis-
tance for the vane pressure field to decay and mixing to occur.
As the pressure drop across a seal is proportional to the flow
rate, a weaker vane pressure field at the seal lip (i.e. smaller
peak-to-peak pressure) would mean that a smaller change in
flow rate would be sufficient to create a pressure difference
across the seal lip, ∆Pseal, equivalent to Pptp. For time-mean
ingress into the cavity (as driven by the vane pressure field),
this means that over a smaller change in Φ , the cavity would go
from no ingestion to full ingestion (or vice-versa). This would
explain the steeper slope of the double lip εc versus Φ curves
(fig. 6).
From fig. 9, it can also be seen that the addition of ro-
tor blades increases the magnitude of the peak-to-peak pressure
measured in the single lip seal (by over 20%). As will be shown
in later sections of this paper, the addition of blades also acts
to suppress the shear layer instabilities between the mainstream
and rim seal cavity flows. A weaker shear layer interaction (as
in the presence of blades) would result in less attenuation of the
vane pressure field across the shear layer.
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seals plotted against Φ and against cavity εc.
Rim Seal Effectiveness Gradient Comparing points
(a) and (b) of figs. 7 and 8 indicates that the single lip seal
has a significantly larger difference in seal effectiveness across
the seal lip. Fig. 10 plots the difference in seal effectiveness
across the rim seal lip, ∆εc,seal, against sealing parameter, Φ ,
where ∆εc,seal is defined as the difference in seal effectiveness
between a point at r/rb = 0.96 and a point at r/rb = 0.98.
Two trends are visible from fig. 10. These are the difference
in ∆εc,seal between the double lip and single lip seals and the
difference in ∆εc,seal between the bladed and unbladed single
lip seals.
The highest ∆εc,seal occurs for the bladed single lip seal. At
values of seal effectiveness lower than approximately 0.8, the
unbladed single lip seal exhibits the same trends as the bladed
configuration in fig. 10. However, for higher values of seal ef-
fectiveness, ∆εc,seal decreases with increasing Φ creating an in-
creasing gap in ∆εc,seal between the bladed and unbladed single
lip seals. Unlike for the bladed single lip seal, ∆εc,seal falls with
increasing purge flow rate for the unbladed single lip seal.
The values of cavity seal effectiveness at which the differ-
ence in ∆εc,seal between the bladed and unbladed single lip seals
begins to grow (εc > 0.8) are also the values of cavity seal ef-
fectiveness at which the characteristic εc versus Φ curves begin
to deviate (see fig. 6). Assuming similar levels of fluid transport
across the rim seal, a configuration with a higher ∆εc,seal, such
as the bladed single lip seal, would result in increased ingestion
into the cavity.
The larger ∆εc,seal of the bladed single lip seal compared to
its unbladed configuration is attributed to enhanced mixing in
the rim seal cavity (likely as a result of increased blockage in-
troduced by the blades) acting to lower the seal effectiveness in
this region. Apart from the larger gradient in seal effectiveness
across the seal lip, evidence of increased mixing in the rim seal
cavity can be obtained by comparing radial εc values between
the bladed and unbladed single lip seal configurations. At both
the high and low Re conditions, the bladed single lip configu-
ration has a steeper gradient of decreasing εc radially outwards
in the rim seal cavity than its unbladed counterpart. A compari-
son of these radial profiles at the high Re condition at a similar
purge flow rate is shown in fig. 11.
From fig. 10, it can be seen that for similar flow rates and
7 Savov, GTP-16-1545
r/rb [−]
ε c
 [
−
]
0 0.1
0
0.5
1
ε c
 [
−
]
Φ [−]
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
0
0.2
0.4
0.6
0.8
1
r/rb [−]
ε c
 [
−
]
0 0.1
0
0.5
1
ε c
 [
−
]
Φ [−]
1
ε c
 [
−
]
ε c
 [
−
]
ε c
 [
−
]
ε c
 [
−
]
r/rb  
 
(a)
(b)
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
r/rb [−]
0 0.1
0
0.5
1
Φ [−]
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
r/rb [−]
0 0.1
0
0.5
1
Φ [−]
r/rb  
 
(a)
(b)
0.97 1
0
0.2
0.4
0.6
0.8
1
0.97 1
0
0.2
0.4
0.6
0.8
1
0.6 0.65 0.7 0.75
0
0.2
0.4
0.6
0.8
ε c
 [
−
]
0 0.1
0
0.5
1
r/rb [−] 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 10
0.2
0.4
0.6
0.8
ε c
 [
−
]
0 0.1
0
0.5
1
ε c
 [
−
]
(c)
“Kick-up” in εc
Φ [−]
ε c
 [
−
]
ε c
 [
−
]
ε c
 [
−
]
ε c
 [
−
]
r/rb [−] Φ [−]
Cw = 494 Cw = 4850
FIGURE 11. Radial seal effectiveness profile in the rim seal cavity
for the single lip seal.
levels of cavity seal effectiveness, ∆εc,seal is lower in the case
of the double lip seal than in the case of the single lip seal.
One would expect that for a similar level of transport across
the seal lip, there would be less ingestion into the rotor-stator
cavity across the double lip seal than across the single lip seal.
Circumferentially Non-Uniform Ingress Circum-
ferential seal effectiveness profiles at three purge flow rates (la-
belled a, b and c) are plotted in fig. 12 for the unbladed single
lip seal at the high Re condition.
At low purge flow (plot c), a peak-to-peak variation in seal
effectiveness of approximately 0.15, or 25% of the mean value,
is measured near the rim seal at r/rb = 0.93. At higher purge
flows – plots b then a – the circumferential variation decreases.
When the cavity is near fully sealed (plot a), the circumferential
variation falls to below 1% of the mean value of εc. This cir-
cumferential trend at r/rb = 0.93 (cavity top) is in phase with
the eccentricity at the rim seal.
The eccentricity of the rim seal, e/sc, was set to a small but
finite value of ±12%. It is measured in-situ with a plunger dial
gauge fixed to the disk (shown in the lower plot). The central
bore is concentric to the casings and used as a reference. Where
the eccentricity is negative, corresponding to a larger than aver-
age seal clearance, the seal effectiveness is lower than the mean
value. The spread in measured rim seal eccentricity is due to
small offsets between the individual seal pieces, and the gaps
in the data occur when the dial gauge is not visible through the
stator. 1 The clearance of the labyrinth seal at inlet to the rotor-
stator cavity is 90% larger than at the rim seal, corresponding to
50% lower eccentricity.
In this case the lower effectiveness data coincides with the
largest seal clearance. However, further work is necessary to
confirm the actual cause of the non-uniform ingestion and inter-
actions with the mainstream cannot yet be excluded.
Relative to the data near the rim seal, the variation in seal
effectiveness at r/rb = 0.79, is both reduced in magnitude and
shifted in phase. This trend suggests that low effectiveness fluid
from the top of the cavity undergoes limited mixing as it spirals
radially inwards within the stator boundary layer. Such a flow
path is illustrated in fig. 13, a. The stiff rotating core confines
radial transport to thin boundary layers on the rotor and stator
disks.
1Steps between rim seal pieces are analogous to the engine rim seal which
is formed by discrete blades and vanes.
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FIGURE 12. Unbladed configuration of single lip seal at the high Re
condition: circumferential εc for three values of Φ labelled a, b and c
and eccentricity, e, measurements relative to seal clearance, sc.
Further evidence of this flow structure is found in the radial
profile of seal effectiveness. Figure 13, b shows measurements
taken at the radial plane marked by the red line in fig. 12. At this
location the effectiveness at r/rb = 0.93 is higher than at r/rb =
0.79 - indicated schematically by the blue and red hypothesized
streamlines.
Data by Sangan et al. [45] for a radial overlap seal (replot-
ted in fig. 13, c) also shows a radial increase in seal effective-
ness. This could indicate the presence of circumferentially non-
uniform ingestion.
Figure 14 plots the circumferential variation in seal effec-
tiveness for the unbladed double lip seal. The magnitude and
phase of the eccentricity profile is the same as for the single lip
seal. From the circumferential εc plots, it can be seen that inside
the rotor stator cavity the double lip seal features a markedly
smaller circumferential variation in seal effectiveness than the
single lip seal. As shown in fig. 10, the double lip seal has a
smaller gradient in seal effectiveness, ∆εc across the lower lip
than the single lip configuration. This would act to attenuate the
effect of flow field non-uniformity through the lower lip.
The circumferentially non-uniform data demonstrates the
need for circumferential measurements, and it may be a con-
tributory factor to the limited agreement between CFD and ex-
perimental data in open literature to date.
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UNSTEADY MEASUREMENTS & DISCUSSION
Motivated by previous studies in literature, this paper ex-
amines the unsteady pressure in the rim seal and cavity for fre-
quencies up to blade passing. Endevco 8507C-1 6.9 kPa differ-
ential pressure transducers are used to record unsteady pressure
data on the stator side of the rotor-stator and rim seal cavities
relative to atmosphere. Four sensors are used - one in the rim
seal cavity, one in the rotor-stator cavity, one in the purge feed
cavity and one (reference) left open to atmosphere. The sensors
are sampled at 200 kHz and data is recorded for at least 10 sec-
onds. The typical noise (observed on the reference sensor) was
± 2 Pa. Blade passing (BPF) occurs at 96 times shaft rotational
frequency N (i.e. 96N). At 3.92 kHz, this is more than a factor
10 below the sensor’s resonant frequency of 55 kHz.
Unsteady pressure data at the high Re condition is presented
and discussed below. Although not shown, the same conclu-
sions hold at the low Re condition. The unsteady data below
is represented by spectrograms plotted over 60 disk revolutions
(∼ 1.5 s). The spectrograms are computed using a Fast Fourier
Transform (FFT) of windowed segments of the signal which
cover approximately 5 disk revolutions (0.125 s), with a step of
0.1 disk revolutions (0.0025 s) between successive segments.
The following sections discuss the characteristics of the un-
steady pressure signals for a range of purge flow rates. The
modulation of the pressure signals by the blade pressure field
and variations in main stream flow coefficient are highlighted.
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Effect of Blades and Purge Flow Rate Figures 15
and 16 show the effect of the addition of blades on the unsteady
pressure measurements in the rim seal. Spectrograms are plot-
ted for the bladed and unbladed single lip and double lip seals
for frequencies of up to 100N at three purge flow rates (labelled
a, b and c). The spectrograms are normalised by the pressure
difference across the seal, ∆Pseal, for each configuration.
Comparing the top row of spectrograms (unbladed config-
uration) and the bottom row of spectrograms (bladed config-
uration) in figs. 15 and 16, a distinct peak is visible at 96 N
(i.e. BPF) which effectively disappears with the removal of the
blades. The faint trace at 96N, more clearly visible for the dou-
ble lip seal, is due to shallow blade mounting pockets on the
rotor disk.
The major difference between the top and bottom rows of
spectrograms in figs. 15 and 16 is the presence of increased ac-
tivity in the rim seal area for the unbladed cases, especially at
lower flow rates. This is observed in the region of 25-35N for
the unbladed single lip seal and in the region of 30-40N for the
unbladed double lip seal. For both seals, the activity is present
at all flow rates (plots a to c). The band of frequencies widens
with increased purge flow rate. This band of activity in the rim
seal is likely to be associated with a Kelvin-Helmholtz (K-H)
type shear layer instability driven by the high swirl angle of
the mainstream flow at the rim seal cavity. K-H type instabili-
ties have been previously documented in computational studies
such as those by Rabs et al. [32] and Chilla et al. [31]. Rabs et
al. noted the presence of a K-H type distortion of the free shear
layers in simulations for a simple axial clearance seal where the
swirl component of the mainstream is at 70° to axial. As shown
in the following section, at higher flow coefficients (with greater
tangential velocity difference at the rim seal), the intensity of the
spectral activity increases in line with increasing shear. The ac-
tivity registered in the rim seal cavity generally does not appear
in the rotor-stator cavity signals indicating that the fluctuations
are attenuated by the rim seal. This suggests that they originate
externally to the rotor-stator cavity.
Comparing the spectrograms for the unbladed single lip and
double lip seals, there is a difference in the frequency range of
the unsteady activity. It occurs at a higher frequency and over a
narrower band for the double lip seal (in the range of 30-40N)
than for the single lip seal (in the range of 25-35N). Chilla
et al. [31] showed that, for the same boundary conditions, the
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shape and size of the rim seal cavity shifts the frequency of the
unsteadiness. The double lip seal has a smaller cross sectional
area and a narrower throat between the mainstream and rim seal
cavity than the single lip (see fig. 3). If the unsteadiness is asso-
ciated with a nominally constant Strouhal number (St = f l/V ,
where f is frequency, l is a characteristic length and V is a char-
acteristic velocity), a higher frequency would be expected in the
narrower and smaller double lip rim seal cavity.
The addition of rotor blades attenuates the activity in the
rim seal. In the numerical study performed by Rabs et al. [32],
the authors showed that the addition of blades suppressed the
instabilities. However, the K-H type instabilities they observed
could still occur in the bladed simulations, although only at high
flow rates and with reduced magnitude and frequency. Evidence
of similar behaviour is also observed in the present study where,
as shown in figs. 15 and 16, bands of spectral activity begin to
occur for the bladed seal configurations (around 25N and 70N
for the single lip seal and 20N and 75N for the double lip seal)
at high purge flow rates (spectrograms c). The lower of the fre-
quency bands for each bladed configuration is at approximately
10N lower frequency than the activity seen in the corresponding
unbladed case, in agreement with the findings of Rabs et al.
The spectral activity for the bladed cases occupies two fre-
quency ranges. The spectrograms show that the higher fre-
quency range, which is not registered in the unbladed cases, oc-
cupies frequencies at BPF (96N) minus the lower range of spec-
tral activity. Also, as can be seen from the spectrograms, the
activity associated with the higher frequency range is weaker
in magnitude. This would imply that the activity associated
with the higher frequency range is simply the side-band result-
ing from the addition of the BPF to the lower frequency activity.
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FIGURE 16. Spectrograms of the unsteady pressure in the rim seal
cavity for the double lip seal with and without rotor blades at Reθ =
4.9×106 and Rex = 2.3×106. The spectrograms are plotted for 3 levels
of cavity εc, a, b, c. Note: ∆Pseal is taken at a cavity εc of 0.925.
Similar observations were made by O’Mahoney et al. [24] for a
CFD study carried out on a rim seal with vanes and blades. The
authors plotted FFT spectra for virtual probes in the rim seal
which show peaks at 0.35 BPF and at 0.65 BPF where the mag-
nitude of the peak at 0.65 BPF is weaker than that at 0.35 BPF.
As will be shown in the following section, the unsteady
fluctuations in the rim seal act to increase mixing at greater lev-
els of mainstream shear (higher mainstream flow coefficient).
However, from the characteristic seal effectiveness, εc, versus
sealing parameter, Φ , curves in fig. 6 the bladed single lip seal
is shown to perform worse than the unbladed one. Similarly,
from fig. 10, the bladed single lip seal features a larger differ-
ence in seal effectiveness across the rim seal than the unbladed
single lip seal. This would suggest that the blade pressure field
has a more dominant role in increasing mixing in the rim seal
than the unsteadiness it suppresses.
It should be further noted here that at lower absolute
Reynolds numbers, the relative effects of viscosity are larger
and any shear layer interaction would be more stable. Although
not plotted here, evidence of this is seen in the FFTs of the
unsteady pressure measurements in the rim seal - the band of
unsteady activity has a more clearly defined peak and the ad-
dition of blades has a notably weaker suppressing effect on the
unsteadiness at the low Re condition. This would help explain
the sensitivities in εc vs Φ characteristics at the two Re condi-
tions for the single lip seal (fig. 6). As the double lip seal has
a markedly smaller gradient in seal effectiveness across the seal
lip (fig. 10), it would be expected that the rotor-stator cavity is
less sensitive to the effects of Reynolds number on the shear
layer interaction and, hence, the absence of visible sensitivities
in the double lip seal εc vs Φ curves in fig. 6.
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Very Low Order Unsteadiness Fig. 17 presents spec-
trograms of unsteady data at 3 locations along the same radial
line for the bladed single lip seal. The upper spectrograms are
plotted for frequencies of up to 100N (approximately 4060 Hz).
The lower row of spectrograms are a zoom-in into the 0 to 10N
(0 to 40.6 Hz) range. The measurement points are in the rim seal
cavity (r/rb = 0.98), in the rotor-stator cavity near the rim seal
(r/rb = 0.95), and in the purge feed cavity (r/rb = 0.38). The
corresponding cavity seal effectiveness is approximately 0.9.
From the 0-10N spectrograms, distinct pressure oscillations
can be observed at over an order of magnitude below blade pass-
ing - around 1N and in the range of 3-5N for both the single lip
and double lip seals. They appear over long time scales (mul-
tiple disk revolutions) and do not exhibit any clear periodicity
in time. The magnitude of these fluctuations is highest in the
rim seal cavity, followed by the rotor-stator cavity and feed cav-
ity. This would suggest that this unsteadiness originates from
the mainstream, externally to the rotor-stator cavity. The fluc-
tuations are present both with and without blades and for the
double lip seal across all purge flow rates. At present, their ef-
fect on ingestion is not understood.
Figure 18 shows normalised steady pressures in the cavity
and rim seal for the single lip (plot a) and double lip (plot b)
seals. Both sets of data have similar purge flow rates, Φ , illus-
trated by the corresponding point on the effectiveness curves
immediately above. The data are plotted against normalised
radius. It can be seen that the radial pressure gradient below
r/rb = 0.9 is similar for both seals. The pressure drop across
the seal lip is also similar, but the variation in pressure through
the rim seal cavity is different. The magnitude of the unsteady
pressure variations in the rim seal and upper cavity is illus-
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FIGURE 18. Comparison of steady and unsteady pressures for the
single lip (a) and double lip (b) seals, Reθ = 4.9×106, Rex = 2.3×106.
trated using the measured peak-to-peak pressure excursions in
the frequency range 0-10N. The unsteady pressure excursions
are greater than the pressure drop across the seal lip, and are
likely to contribute to the ingestion of mainstream flow into the
cavity.
In an acoustic sense, the test rig can be considered as a se-
ries of 9 interconnected volumes. It is highly likely that given
the broadband excitation from the shear layer instability, the
peaks of some of the frequency content in the spectrograms
correspond to acoustic resonances. The same can be said for
an engine, although the specific frequencies would be different.
However, the lower temperature in the rig gives a similar ratio
of sound speed to linear dimensions as the engine.
As introduced in the Background section, very low order
coherent structures have been observed in a limited number of
computational studies employing full annulus unsteady RANS
simulations. In the data presented here, unsteadiness can be
seen over a range of different frequencies (e.g. 1N, 3-5N) and
there is evidence of the fluctuations appearing and disappearing
over time scales of the order of multiple disk revolutions. How-
ever, there is no evidence of clear-cut behaviour as the afore-
mentioned CFD simulations would suggest. As remarked by
O’Mahoney [24], the unsteady features in RANS CFD could be
an exaggeration of the flow field, with URANS “locking-in” to
a set amount of vortex pairs.
Variation of Mainstream Flow Coefficient
Off-design flow coefficients are of interest at part load and
engine start-up. Moreover, for new engine designs/iterations the
target mainstream flow angles (operating point) may change and
the sensitivity to small variations in flow coefficient would be of
interest to the engine designer. This is explored below.
The lower halves of figs. 19 and 20 present seal effective-
ness, εc, plots at two locations in the rotor-stator cavity and
one in the rim seal across a range of disk speeds for the un-
bladed configurations of the single and double lip seals. Mea-
surements are presented at two vane exit Mach numbers, Mis,
(0.20 and 0.64) and for a fixed purge flow. Along the x axis,
the disk speed is represented non-dimensionally as the ratio of
disk speed, ωrb, to mainstream flow velocity, V∞. This ratio is
related to the mainstream flow angle and directly related to the
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inverse of the mainstream flow coefficient (the vane exit angle
is set by the vane geometry and approximately constant so these
subsonic vane exit Mach numbers).
From figs. 19 and 20, it can be seen that the trends in seal
effectiveness at the two Mach numbers (0.64 and 0.20) follow
characteristic curves. In the rim seal cavity, the seal effective-
ness decreases with decreasing disk speed. In the rotor-stator
cavity, the seal effectiveness also decreases with decreasing
speed at first. Past a certain point, a rise in seal effectiveness
is observed as the disk speed is further reduced. This rise is
attributed to a decrease in the dominance of rotational effects
which normally act to resist mixing near the rim seal and to
transport ingress radially inwards along the stator.
Figs. 19 and 20 also show spectrograms of the unsteady
pressure in the rim seal cavity (at r/rb = 0.98) corresponding to
points a, b, c in the seal effectiveness plots for the Mis = 0.64
cases. Each spectrogram spans 1.5 s in time and has a frequency
axis between 0 and 4000 Hz (BPF is at approximately 3.9 kHz
for an engine-matched flow coefficient at Mis = 0.64).
The spectrograms help explain the sealing effectiveness
trends observed at different disk speeds (flow coefficients). As
the disk speed, ωrb, is reduced (spectrograms c to a), the band
of spectral activity discussed in the preceding sections of this
paper, forms, grows in magnitude and decreases in frequency.
The stronger activity at lower disk speeds, ωrb, (i.e. higher
flow coefficient) in figs. 19 and 20 is consistent with the growing
mismatch in tangential velocity between the rim seal cavity and
mainstream flows at lower disk speeds. With reference to the
schematic in fig. 21, bound on one side by the rotating rim seal
(spinning at ωrb) and on the other by the stationary rim seal,
the tangential speed of the flow in the rim seal cavity has an in-
termediate value, βωrb, where β is a scale factor. As the disk
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speed drops (illustrations (a) to (b) in fig. 21), so does the speed
of the flow in the rim seal cavity. The mainstream velocity, V∞,
remains fixed as the disk speed decreases and ∆Vθ (the tangen-
tial velocity of the mainstream flow relative to the rim seal flow)
increases.
Increased activity in the rim seal cavity is indicative of en-
hanced mixing, which for a constant flow rate of egress from
the rotor-stator cavity would mean a lower overall seal effec-
tiveness, εc, in the rim seal cavity. In turn, lower εc in the rim
seal cavity would lead to an increased difference in εc across the
seal lip driving more net ingress into the cavity. This is generally
observed to hold true up until the low point in the rotor-stator
cavity εc measurements.
The vertical blue and red lines in the seal effectiveness plots
in figs.19 and 20 represent the disk speed at which the low Re
condition and high Re condition purge flow sweep effectiveness
measurements presented throughout this paper were performed
(matched engine flow coefficient). Unlike for the single lip seal,
the rotor-stator cavity εc is markedly less sensitive to variations
around the engine matched flow coefficient for the double lip
seal. For a 10% decrease in disk speed (11% increase in flow
x
θ
(a) high ω                                (b) low ω     
βωrb
V∞
ΔVθ
βωrb
V∞
ΔVθ
FIGURE 21. Effect of disk speed on relative flow velocity at the rim
seal cavity.
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coefficient), the decrease in εc at r/rb = 0.93 is approximately
5% for the single lip seal and nearly an order of magnitude less
for the double lip seal. A likely explanation for the reduced sen-
sitivity in the rotor-stator cavity would relate to the longer seal
path of the double lip seal relative to the single lip geometry.
Stronger fluctuations would be required to force mixing suffi-
ciently far into the rim seal cavity and increase ingress through
the lower lip. Unlike in the rotor-stator cavity, the largest sensi-
tivity to flow coefficient in the rim seal cavity is exhibited by the
double lip seal. At a mainstream Mach number of 0.64, a near
24% drop in εc is measured for a 10% decrease in disk speed
more than double the equivalent single lip seal measurements.
This is likely as a result of the reduced flow rate through the seal
in the case of the double lip geometry.
The trends in seal effectiveness in figs. 19 and 20, illus-
trate the importance of featuring engine representative main-
stream swirl and replicating the velocity triangles at the rim seal
in scaled experiments. More notably, however, the data sug-
gests that although a better seal geometry (such as the double
lip seal) would lead to decreased sensitivity to ingestion in the
rotor-stator cavity, this would come at the expense of increased
sensitivity in the rim seal cavity/at the outer seal lips.
CONCLUSIONS
The double lip seal performance is significantly better than
that of the single lip. Unlike the double lip seal, the single lip
seal is shown to be sensitive to the introduction of a simulated
engine blade pressure field and overall Reynolds number.
In the case of both seals, unsteady pressure variations at-
tributed to shear layer interaction between the mainstream and
rim seal flows appear to be important for ingestion at off-design
flow coefficients. At higher than nominal flow coefficients, in-
tensified spectral activity in the rim seal cavity and lower seal
effectiveness are measured. This sensitivity indicates that exper-
imental modelling should be performed at an engine-matched
flow coefficient and, thus, mainstream flow angles.
The geometry of the double lip seal achieves both greater
attenuation of the vane pressure field and a reduced concentra-
tion gradient at the lower seal lip. As a result, the double lip seal
is less sensitive to changes in shear layer interaction and the
effects of large scale non-uniform ingestion in the rotor-stator
cavity. However, the reduced flow rate through the double lip
seal means that the outer lip has increased sensitivity to shear
layer interactions.
Overall, this paper shows that seal performance is driven by
both - the vane/blade pressure field and the gradient across the
inner lip. The implication is that a more accurate representation
of both - the pressure field and the mixing due to shear layer
interaction would be necessary for more reliable modelling.
Additionally, this paper demonstrates that the stiffened
rotor-stator cavity flow structure transports large scale non-
uniform ingress along the stator disk with the potential for local
hot-spots in the engine case. The data highlights the importance
of 360° circumferential measurements and characterization in
modelling.
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1 NOMENCLATURE
c vane chord [m]
f frequency [Hz]
g rotor-stator gap width [m]
l characteristic length [m]
m˙ mass flow rate [kg s−1]
N disk rotational frequency [Hz]
P pressure [Pa]
r radial coordinate / radius [m]
s seal dimension [m]
V flow velocity [m s−1]
α flow angle [°]
µ dynamic viscosity [kg m−1 s−1]
ρ density [kg m−3]
ω disk rotational speed [rad s−1]
Subscripts
a axial distance (rim seal lip to stator)
b peripheral rotor radius
c rim seal lip clearance, concentration
cav rotor-stator cavity
inlet inlet condition (vane or blade)
is isentropic
n at a given measurement point
o rim seal lip axial overlap
ptp peak-to-peak
purge purge flow
rel rotor relative frame
seal at rim seal lip
x axial coordinate direction
0 stagnation conditions
θ tangential coordinate direction
∞ mainstream conditions at vane exit
Dimensionless Quantities
CP
P−P∞
P0,inlet−P∞ vane exit pressure coefficient
CP,rel
P−P∞
P0,rel−P∞ blade relative inlet pressure co-efficient
∆Pseal
∆Pseal
0.5ρ∞ω2 r2b
normalized pressure across seal
P
P−P∞
0.5ρ∞ω2 r2b
normalized pressure relative to
disk dynamic head
Pptp
Pptp
0.5ρ∞ω2 r2b
normalized peak-to-peak pres-
sure
St f l/V Strouhal number
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β Vθ/(ω r) scale factor of flow tangential
speed relative to local disk speed
Cw m˙purge/(µ rb) dimensionless cooling flow rate
Mis (
2
γ−1 [(
P0
P∞
)
γ−1
γ −1]) 12 isentropic Mach number
Rex ρ∞ rbV∞/µ∞ axial Reynolds number
Reθ ρ∞ω r2b/µ∞ rotational Reynolds number
εc
χn−χ∞
χpurge−χ∞ concentration seal effectiveness
φ V∞,x/ω rb mainstream flow coefficient
Φ Vseal,x/rsealω sealing parameter
γ − ratio of specific heats
χ − gas concentration by volume
Acronyms
BPF Blade Passing Frequency
CFD Computational Fluid Dynamics
FFT Fast Fourier Transform
K-H Kelvin-Helmholtz
LES Large Eddy Simulation
MHI Mitsubishi Heavy Industries
NDIR Non-dispersive Infra Red
RANS Reynolds Averaged Navier-Stokes
URANS Unsteady Reynolds Averaged Navier-Stokes
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